Introduction
============

Multiple myeloma (MM) is a plasma cell malignancy, characterized by an accumulation of high levels of monoclonal immunoglobulins or paraproteins in blood and/or urine and end organ damage, including anemia, renal failure, hypercalcemia, and bony lesions.[@b1-cpaa-8-035] MM is the second most commonly diagnosed hematologic malignancy representing 1.6% of all new cancer cases in the US. The outcomes of these patients have not been satisfactory, and the 5-year survival is 46.6% according to surveillance, epidemiology, and end results analysis.[@b2-cpaa-8-035]

Over the last two decades, the treatment paradigm for MM has changed with the use of autologous stem cell transplantation (ASCT) and novel therapeutic options including proteasome inhibitors (PIs) and immunomodulatory drugs (IMiDs).[@b3-cpaa-8-035] The incorporation of novel drugs, particularly thalidomide, lenalidomide (Len), and bortezomib (Btz), has resulted in a significant prolongation of overall survival (OS) in newly diagnosed and relapsed patients.[@b4-cpaa-8-035] Despite these advances, acquired or intrinsic resistance to therapy leads to eventual relapse and fatal outcomes in vast majority of patients. In an analysis of 286 patients with relapsed MM, who were refractory to Btz and had relapsed following, or were refractory to or ineligible to receive an IMiD, OS and event-free survival were 9 and 5 months, respectively. These findings indicate the poor outcome of patients, once they become refractory to current modalities and an unmet need for safe and efficacious novel therapies.[@b5-cpaa-8-035]

MM is a biologically complex disease, with great heterogeneity in terms of genetic alterations, thereby giving rise to individual differences in overall response and survival of patients receiving the same treatment. In addition to genetic alterations such as point mutations, deletions, or translocations, epigenetic alterations and abnormal microRNA expression also contribute to the pathogenesis of MM.[@b6-cpaa-8-035]--[@b9-cpaa-8-035]

Epigenetic aberrations are heritable changes in gene expression that occur independent of changes in the primary DNA sequence. Most of the epigenetic mechanisms occur at the level of chromatin. Chromatin is built up by nucleosomes that contain \~146 bp of DNA wrapped around an octamer consisting of four core histones (H3--H4 tetramer and two H2A--H2B dimers). The modifications of these nucleosomes play an important role in the transition of chromatin between open and closed states.[@b10-cpaa-8-035] The N-terminal tail regions of histones undergo a wide variety of enzyme modifications, including acetylation, methylation, sumoylation, phosphorylation, and ubiquitination, which are crucial in modulating gene expression. This phenomenon is referred to as the "histone code" and has a significant effect on gene expression and chromatin structure.[@b11-cpaa-8-035] Histone acetylation is controlled by histone acetyl transferases, which transfer acetyl groups to the side chain of lysine residues on N-terminal, and histone deacetylases (HDACs), which deacetylate and counterbalance activity of histone acetyl transferases.[@b12-cpaa-8-035],[@b13-cpaa-8-035]

The HDAC family of enzymes regulates the acetylation level of histones in chromatin and various nonhistone substrates, including many proteins involved in tumor progression, cell cycle control, apoptosis, angiogenesis, and cell invasion.[@b14-cpaa-8-035] The HDAC family consists of 18 genes that are grouped into classes I, II, III, and IV based on their homology to respective yeast orthologs Rpd3, HdaI, and Sir2.[@b15-cpaa-8-035] Various classes of HDAC and their localization and function have been shown in [Table 1](#t1-cpaa-8-035){ref-type="table"}. HDAC inhibitors (HDACi) typically target the "classical" classes I, II, and IV HDACs (which contain a Zn2þ catalytic ion in their active site) and not class III HDACs that use NAD+ as the essential cofactor.[@b14-cpaa-8-035],[@b16-cpaa-8-035]

This review focuses on the antimyeloma activity of different HDACi in preclinical and clinical settings.

Epigenetic changes in MM
========================

Epigenetic aberrations play an important role in the initiation and progression of most of the malignancies, including MM, and this is largely attributed to alterations in the expression of histone-modifying enzymes.[@b17-cpaa-8-035],[@b18-cpaa-8-035]

In cancer, global DNA hypomethylation of repetitive sequences (such as long interspersed nuclear element 1 \[LINE-1\] and Alu repeats), gene bodies, and intergenic regions has been observed. This contributes to genomic instability, transposon activation, proto-oncogene activation, and loss of normal imprinting patterns. In addition, site-specific CpG island hypermethylation of gene promoters such as tumor suppressor genes results in gene silencing.[@b19-cpaa-8-035] Even in MM, there is increased global hypomethylation of the LINE-1 and Alu repetitive elements compared to normal control subjects.[@b20-cpaa-8-035] This seems to be an early event in the pathogenesis, and the global methylation levels of repetitive elements decrease as the disease progresses from monoclonal gammopathy of unknown significance to MM.[@b20-cpaa-8-035],[@b21-cpaa-8-035]

Epigenetic alterations also increase the vulnerability to genomic instability. LINE-1 hypomethylation is found to be associated with translocations of chromosome 14 and deletion of chromosome 13q.[@b21-cpaa-8-035] Also, t(4;14) translocation showed more frequent hypermethylation that may underline the poor prognosis associated with its presence.[@b22-cpaa-8-035]

The most characteristic documentation of aberrations of histone modifications is in t(4;14) MM, which leads to overexpression of multiple myeloma SET domain containing protein (MMSET) (NSD-2), a histone methyltransferase. MMSET regulates genes involved in the p53 pathway, nuclear factor kappa B pathway, apoptosis, cell cycle regulation, DNA repair, and adhesion, and its upregulation enhances survival and adhesion of MM cells.[@b23-cpaa-8-035],[@b24-cpaa-8-035]

In addition, epigenetic alterations may result in dysregulation of critical oncogenic pathways such as cyclin dependent kinase/retinoblastoma (CDK/Rb), Wnt/β-catenin, Janus kinase/signal transducer and activator of transcription protein (JAK/STAT), death associated protein kinase-1/p14-ARF/p53 (DAPK-1/p14 ARF/p53) pathways, which contribute to the pathogenesis of MM.[@b8-cpaa-8-035]

HDACs in MM
===========

Overexpression of HDAC proteins, especially class I HDACs, has been observed in both solid and hematological malignancies.[@b25-cpaa-8-035]--[@b29-cpaa-8-035] In the majority of tumors, HDAC expression is associated with a poor prognosis.[@b30-cpaa-8-035]--[@b32-cpaa-8-035] However, HDAC expression is correlated with a better prognosis in breast cancer, acute lymphoblastic leukemia, and chronic lymphocytic leukemia.[@b33-cpaa-8-035]--[@b35-cpaa-8-035] Patients with MM with high transcript levels of HDACs 1, 2, 4, 6, and 11 show a shorter progression-free survival (PFS) than those expressing lower levels. However, when HDAC protein levels were examined, it was found that only increased HDAC1 expression correlated with poor PFS and OS.[@b36-cpaa-8-035]

HDACi in MM
===========

Butyrate and trichostatin A were among the initial molecules identified as HDACi. Since then, various natural and synthetic HDACi have been developed and evaluated as anticancer agents in the preclinical and clinical settings. Major HDACi can be divided into five categories on the basis of their chemical structure ([Table 2](#t2-cpaa-8-035){ref-type="table"}). The direct impact of HDAC inhibition on chromatin is hyperacetylation of histone proteins, which alters the chromatin structure and results in up- or downregulation of gene expression involved in cell cycle regulation, apoptosis, cytokine signaling, adhesion and migration, proteasomal degradation, drug resistance, and DNA damage.[@b37-cpaa-8-035]--[@b39-cpaa-8-035]

Preclinical activity of HDACi in MM
===================================

As a single agent
-----------------

Microarray analysis has shown that HDACi induce transcriptional modulation of 7%--10% of the genes in myeloma and human lymphoid cell lines by acetylation of histones and nonhistone proteins.[@b38-cpaa-8-035],[@b40-cpaa-8-035] The pattern of gene alteration is quite similar across different HDACi in the same cell line.[@b41-cpaa-8-035],[@b42-cpaa-8-035] HDACi such as valproate, FK228, and ITF2357 affect the viability of interleukin (IL)-6-dependent and -independent MM cell lines, indicating that the antimyeloma activity of HDACi is not influenced by IL-6.[@b43-cpaa-8-035]--[@b45-cpaa-8-035] Moreover, coculturing MM cells with bone marrow stromal cells (BMSCs) do not protect them from death induced by LAQ824, ITF2357, LBH589, or KD5170, suggesting that HDACi could overcome the protective effect of the BMSCs.[@b45-cpaa-8-035]--[@b48-cpaa-8-035] The various possible mechanisms of the anti-myeloma activity of HDACi have been described later.

Cell cycle arrest
-----------------

Almost all HDACi induce G0/SG1 arrest due to increase in histone acetylation and upregulation of cyclin-dependent kinase (CDK) inhibitor CDKN1A by p53-dependent and -independent ways, as observed in MM cell lines treated with valproate, NVP-LAQ824, LBH589, NaB, SAHA, and ITF2357.[@b43-cpaa-8-035],[@b45-cpaa-8-035],[@b46-cpaa-8-035],[@b49-cpaa-8-035]--[@b51-cpaa-8-035] Other effects include upregulation of other CDK inhibitors such as p27 and p19 and/or the decrease of cyclins D1 and D2.[@b43-cpaa-8-035],[@b52-cpaa-8-035],[@b53-cpaa-8-035]

Apoptotic pathway
-----------------

HDACi upregulate expression of proapoptotic Bcl-2 family proteins (Bax, Bak, and Bim) and downregulate antiapoptotic proteins (Bcl-2, Bcl-xL, MCL1, and XIAP). Overall, this triggers increased mitochondrial permeability and cytosolic release of cytochrome C and Smac followed by activation of intrinsic apoptotic pathway, as seen in MM cell lines treated with depsipeptide, ITF2357, LBH589, SAHA, and KD5170.[@b44-cpaa-8-035],[@b45-cpaa-8-035],[@b47-cpaa-8-035],[@b50-cpaa-8-035],[@b51-cpaa-8-035] Extrinsic apoptotic pathway is activated by upregulation of death receptors and ligands, caspase-8 cleavage, and downregulation of Flice-like inhibitory protein (caspase-8 inhibitor) as seen in MM cells after valproate, suberoylanilide hydroxamic acid (SAHA), and LBH589 treatment.[@b50-cpaa-8-035],[@b51-cpaa-8-035],[@b54-cpaa-8-035] Autophagy is a catabolic process involving the degradation of long-lived proteins or cytoplasmic organelles through the lysosomal machinery, which plays a role in valporate-induced cytotoxicity in human myeloma cell lines.[@b54-cpaa-8-035]

DNA damage and oxidative stress
-------------------------------

HDACi interfere with the function of DNA-repair proteins such as Ku70, RAD51, RAD50, DNA-PKcs, BRCA1, and BRCA2, thus inducing double-stranded breaks in DNA.[@b55-cpaa-8-035],[@b56-cpaa-8-035] The HDACi PDX-101 and KD-5170 phosphorylate H2AX on ser139 and induce DNA damage.[@b57-cpaa-8-035] Another HDACi, SDNX-275, could enhance the DNA damage response induced by the alkylating agent melphalan in MM cell lines.[@b58-cpaa-8-035] Moreover, HDACi-induced chromatin hyperacetylation makes DNA more sensitive to drugs, radiation, and reactive oxygen species.[@b59-cpaa-8-035] The production of reactive oxygen species observed after HDAC inhibition seems crucial as evidenced by the upregulation of several antioxidant genes such as glutathione S-transferase, glutathione reductase, and superoxide dismutase 1 and 2 on the treatment of U937 leukemic cells with vorinostat.[@b60-cpaa-8-035]

Ubiquitin--proteasome system
----------------------------

HDACi decrease activity of 20S proteasome and downregulate genes encoding 26S proteasome and ubiquitin conjugating enzymes in MM cells.[@b38-cpaa-8-035],[@b46-cpaa-8-035] Also, tubacin or pan HDACi such as SAHA or LBH589, hyperacetylate α-tubulin, accumulate polyubiquitinated proteins, leading to apoptosis subsequently.[@b48-cpaa-8-035] HDAC inhibition enhances the cytotoxic effects of Btz both in vitro and in vivo,[@b38-cpaa-8-035],[@b47-cpaa-8-035],[@b48-cpaa-8-035],[@b61-cpaa-8-035],[@b62-cpaa-8-035] which will be discussed later.

BMSC interaction
----------------

Multiple cytokines such as IL-6, IL-1, insulin-like growth factor-1 (IGF-1), tumor necrosis factor-α, vascular endothelial growth factor (VEGF), Dickkopf-related protein 1, and secreted frizzled-related protein are secreted at high levels by either the malignant plasma cells or the BMSCs. This then causes activation of signaling pathways in the MM cells and further promotes their interaction with cells in the tumor microenvironment such as BMSCs, endothelial cells, osteoblasts, and osteoclasts. The net result of such interaction is increased tumor growth, angiogenesis, bone disease, and drug resistance.[@b63-cpaa-8-035],[@b64-cpaa-8-035]

HDACi downregulate the expression of genes involved in cytokine signaling such as IGF-1, IGF-1 receptor, and IL-6 receptor.[@b38-cpaa-8-035] Mitsiades et al[@b38-cpaa-8-035],[@b50-cpaa-8-035] showed that vorinostat not only suppresses the expression of receptor genes involved in MM cell proliferation, survival, and/or migration such as IGF-1R, IL-6R, TNF-R, CD138 (syndecan-1), and CXCR-4.55 but also reduces the autocrine IGF-1 and paracrine IL-6 secretion of BMSC.

Antiangiogenesis
----------------

HDACi induce alteration of numerous pro- and antiangiogenic genes (*angiopoietin*, *TIE2*, *eNOS*, *p53*, *pVHL*, and thrombospondin 1), thereby targeting increased angiogenesis in MM.[@b65-cpaa-8-035]--[@b67-cpaa-8-035] Valporate decreases VEGF secretion and VEGF receptor expression, resulting in inhibition of the vascular tubule formation of endothelial cells in cocultures with MM cells.[@b43-cpaa-8-035],[@b68-cpaa-8-035],[@b69-cpaa-8-035]

In combination with PIs
=======================

HDACi have been tried in combination with a variety of agents for MM, but the most synergistic effects are seen with Btz. The precise mechanisms causing this synergy are not yet completely defined. The best understood mechanism is dual inhibition of the proteasomal and aggresomal protein degradation pathways, targeted by Btz and HDACi, respectively. Btz inhibits proteasome and causes accumulation of polyubiquitinated proteins that form an aggresome by a process dependent on the interaction of HDAC6 with tubulin and dynein complex. HDAC6 inhibition leads to increased hyperacetylation of tubulin and upregulation of polyubiquitinated proteins, resulting in apoptosis.[@b70-cpaa-8-035],[@b71-cpaa-8-035] In accordance with the above mentioned dual inhibition phenomenon, non-selective HDACi like vorinostat as well as selective HDAC6i like tubacin and ACY-1215 have been found to inhibit aggresome formation and induce caspase-mediated apoptosis in MM when combined with Btz.[@b72-cpaa-8-035]--[@b74-cpaa-8-035]

In addition, HDAC1 overexpression causes resistance to Btz both in vitro and in vivo, which is reversed by the class I HDACi romidepsin. Moreover, Btz downregulates the expression of class I HDACs and enhances HDACi cytotoxicity.[@b75-cpaa-8-035] Taken together, Btz and HDACi combination appears to be a promising therapeutic strategy that can overcome drug resistance.

In combination with other agents
================================

Preclinical studies have shown that addition of vorinostat or panobinostat to MM cell lines and tumor cells derived from patients resistant to conventional therapies increases their susceptibility to IMiDs (such as pomalidomide or Len) and dexamethasone.[@b38-cpaa-8-035],[@b76-cpaa-8-035] Moreover, treatment of MM cells with vorinostat increases their sensitivity to DNA-damaging agents, such as doxorubicin or melphalan.[@b38-cpaa-8-035],[@b77-cpaa-8-035]

Treatment of MM cell line with sodium butyrate in combination with DNA methyltransferase inhibitor, decitabine, resulted in increased expression of p16 gene and G1 arrest, a phenomenon not seen with either agent alone.[@b78-cpaa-8-035] Furthermore, mTORC1 inhibitor RAD001 caused potent G0/G1 arrest, while LBH589 induced pronounced apoptosis, both of which were enhanced when the drugs were used in combination.[@b79-cpaa-8-035]

In addition, additive effects of HDACi have been seen in conjunction with RSK2 (Ser227) inhibitor BI-D1870 and heat shock protein-90 (alpha/beta) inhibitor NVP-AUY922 in preclinical studies.[@b80-cpaa-8-035],[@b81-cpaa-8-035] Also, HDACi-inducible Bim is primarily neutralized by Bcl-2 and Bcl-xL, thus providing a mechanistic framework by which Bcl-2 antagonists potentiate the lethality of HDACi.[@b82-cpaa-8-035] Also, SAHA and trichostatin A induce G1 arrest by upregulating p21 and p27 and inhibiting E2F transcriptional activity. The tumor necrosis factor-related apoptosis-inducing ligand effect can be enhanced after HDACi pretreatment and is found to be consistent with the upregulation of proapoptotic Bim, Bak, Bax, Noxa, and p53 upregulated modulator of apoptosis (PUMA) and downregulation of antiapoptotic Bcl-2 and Bcl-xL.[@b83-cpaa-8-035]

In combination with immune therapies
====================================

In addition to all the above-mentioned combination therapies, HDACi enhance MHC classes I and II expression and tumor-associated antigens on tumor cells, inducing cell death mediated by natural killer cells and cytotoxic T-cells.[@b84-cpaa-8-035]--[@b89-cpaa-8-035] Also, vorinostat induces the secretion of adenosine triphosphate and high mobility group box 1 protein (HMGB-1) and expression of calreticulin on the tumor cell surface, which are important mediators of recognition and phagocytosis by dendritic cells.[@b88-cpaa-8-035]--[@b90-cpaa-8-035] However, the effect of HDACi on the immune cells is far from clear and has been reviewed in detail elsewhere. Overall, it appears that the HDACi could promote or inhibit the functions of regulatory T-cells, myeloid-derived suppressor cells, and tumor-associated macrophages.[@b91-cpaa-8-035]

HDACi have shown favorable responses in combination with immune therapies in preclinical settings. Christiansen et al[@b88-cpaa-8-035] observed synergistic responses when vorinostat or panobinostat was used in combination with anti-CD40 and anti-CD137 antibodies in solid tumors. He also noted an important role for CD8+ cytotoxic T-cells and natural killer cells for the synergy observed.[@b88-cpaa-8-035] In another study, LAQ824 induced synergistic cell death in combination with adoptive transfer of tumor-specific T-cells in melanoma.[@b92-cpaa-8-035] However, the effect of this combination remains unexplored in MM. One preclinical study showed that LBH589 impairs the phenotype and function of dendritic cells by downregulating dendritic cell maturation, antigen presentation, and T-cell costimulation markers on immature and mature dendritic cells.[@b93-cpaa-8-035] Thus, it is important to examine the immune status of patients with MM before and after HDACi treatment. Such studies will help us not only to better understand the effects of HDACi on immune cells but also identify potential combinations of HDACi with immune therapies.

Clinical trials using HDACi in MM
=================================

HDAC represents a very interesting clinical target for the development of novel antimyeloma therapy. The early clinical trials of different HDACi have revealed only modest single-agent activity, but encouraging clinical response rates have been reported in combination with other antimyeloma agents such as PIs, IMiDs, dexamethasone, and conventional cytotoxic therapy.

Vorinostat
----------

Vorinostat (SAHA) is a potent nonselective HDACi with a hydroxamic acid moiety, which causes reversible inhibition of classes I and II HDACs. It was the first epigenetic agent used therapeutically in malignancy and was approved by the US Food and Drug Administration (FDA) for the treatment of cutaneous T-cell lymphoma in 2006.[@b94-cpaa-8-035]

In the initial dose-escalating Phase I trial of vorinostat in relapsed/refractory MM (RRMM), 13 patients with a median of three prior lines of therapy were included. The most common drug-related adverse effects (AEs) included fatigue, anorexia, dehydration, diarrhea, and nausea and were mostly grade ≤2. Among the ten evaluable patients, one had a minimal response and nine had stable disease (SD).[@b95-cpaa-8-035]

Based on the synergy with PIs depicted in preclinical studies, a Phase I trial evaluated vorinostat in combination with Btz in patients with RRMM. The 23 patients enrolled in the study had received a median of seven prior regimens with 20 patients post ASCT and 19 patients with prior Btz (nine of whom were Btz refractory). The dose-limiting toxicity was prolonged QT interval seen in two patients. The most common toxicities were myelosuppression, diarrhea, and fatigue. The overall response rate (ORR) was 42%, with two patients having very good partial response (VGPR) and seven patients having PR, including three patients who were Btz refractory.[@b96-cpaa-8-035]

VANTAGE 095 was a multicenter, open-label Phase IIB study in which 143 patients with RRMM (Btz refractory) received vorinostat in combination with Btz till progressive disease, unacceptable toxicities, or patient withdrawal. The ORR was 11%, while 47% of patients had SD. The median duration of response (DOR) was 7.0 months, and the median OS was 11.1 months. However, serious AEs were reported in 65% of patients, resulting in treatment discontinuations in 11% of patients.[@b97-cpaa-8-035]

On the basis of these encouraging responses, a multicenter, randomized, double-blind Phase III study, VANTAGE 088 trial, was conducted. They enrolled 637 patients with RRMM who had progressive disease after one to three prior antimyeloma treatments (but were Btz sensitive) and randomized them to receive Btz with vorinostat or placebo. The addition of vorinostat to Btz significantly improved the ORR (56% vs 41%) and clinical benefit rates (CBRs) (71% vs 53%). The median PFS also increased from 6.83 to 7.63 months, but the median OS was not significantly different between the two groups. More patients in the vorinostat group developed high-grade AEs, especially fatigue, myelosuppression, and gastrointestinal disorders compared to the placebo group. The authors concluded that though the study achieved the primary end point of prolonging the PFS, the clinical value of adding vorinostat to Btz needed further evaluation with regard to optimizing the dose of vorinostat to minimize toxicity.[@b98-cpaa-8-035]

Vorinostat has also been used in combination with carfilzomib in compassionate use setting for patients with RRMM and was well tolerated.[@b99-cpaa-8-035] A Phase I dose-escalation trial of vorinostat with Len/dexamethasone in RRMM demonstrated an ORR of 47%. Serious AEs were reported in 45% of the patients and were considered to be study drug related in 22%.[@b100-cpaa-8-035] Hence, this combination seems to be effective and needs further evaluation.

Panobinostat
------------

Panobinostat (LBH589) is a cinnamic hydroxamic acid analog that exhibits tenfold higher inhibitory activity against classes I, II, and IV HDACs than vorinostat. A Phase II multicenter study of oral panobinostat in 38 heavily pretreated patients with RRMM showed that it was well tolerated and the most common AEs were nausea and fatigue. But the ORR was lower than what was seen in the preclinical studies with VGPR in one patient, mixed response (MR) in one patient, and SD in three patients.[@b101-cpaa-8-035]

In view of poor results with its use as monotherapy and preclinical data depicting synergy with Btz, a Phase Ib trial studied the use of panobinostat in combination with Btz in RRMM. Among the 47 patients enrolled in the dose-escalation phase, 76% of patients had ≥MR with responses seen in ten of 15 Btz refractory patients. Out of the 12 evaluable patients enrolled in the dose-expansion phase, MR was seen in 75% of patients.[@b102-cpaa-8-035]

PANORAMA 2 is a Phase II trial of panobinostat in combination with Btz and dexamethasone in patients with relapsed and Btz refractory MM with at least two prior lines of therapy. Fifty-five heavily pretreated patients with a median of four prior regimens were enrolled. The ORR was 34.5%, and the CBR was 52.7%. Median PFS was 5.4 months, and the median DOR was 6.0 months. Common grade 3/4 AEs included thrombocytopenia (63.6%), fatigue (20.0%), and diarrhea (20.0%).[@b103-cpaa-8-035]

PANORAMA 1 is a multicenter double-blind Phase III trial of patients with RRMM after one to three previous treatment regimens. Approximately 768 eligible patients were randomized to receive Btz and dexamethasone with panobinostat or placebo. It was demonstrated that though the ORR (60.7% vs 54.6%) was similar, the proportion of patients achieving complete response (CR) or near CR (27.6% vs 16.7%) was significantly higher with panobinostat compared to placebo. The addition of panobinostat prolonged the median DOR (13.14 vs 10.87 months), median PFS (11⋅99 vs 8⋅08 months), and median OS (33.6 vs 30.4 months). Serious AEs were higher in the panobinostat group (60% vs 42%). Common grade 3--4 AEs were thrombocytopenia, lymphopenia, diarrhea, asthenia, and peripheral neuropathy.[@b104-cpaa-8-035] Recent subgroup analysis of PANORAMA 1 trial demonstrated a clear PFS benefit of 7.8 months for panobinostat--Btz--Dex among patients who received two or more prior regimens, including Btz and IMiD, a population with poorer prognosis and limited treatment options.[@b105-cpaa-8-035]

Collectively, the results of PANORAMA 1 and 2 show that the combination of panobinostat and Btz appears promising and has recently been approved by the FDA for the treatment of RRMM in patients with two prior treatments, including Btz and IMiDs.

Romidepsin
----------

Romidepsin (FR901228 or FK228) is a depsipeptide derived from the bacterium *Chromobacterium violaceum* with activity mainly against class I HDAC. It was approved by the FDA for the treatment of relapsed cutaneous T-cell lymphoma in 2009.[@b106-cpaa-8-035]

A Phase II study evaluated the activity of romidepsin in heavily pretreated patients with MM who were refractory to therapies, including ASCT, Btz, and IMiDs. Although no objective responses were achieved, \~30% of patients exhibited stabilization of M-protein, resolution of hypercalcemia, and improvement in bone pain. The most common AEs were grade 1/2 and included nausea, fatigue, taste alteration, and clinically insignificant electrocardiographic abnormalities.[@b107-cpaa-8-035]

A Phase II trial used romidepsin with Btz and dexamethasone based on preclinical synergy. The incidence of grade 3 anemia and neutropenia was similar to that reported in previous trials using Btz--dexamethasone. PR was seen in 52% (VGPR in 28%) and CR was seen in 8% of the 25 patients enrolled. The median time to progression was 7.2 months, and the median OS was \> 36 months.[@b108-cpaa-8-035]

A Phase I/II trial is evaluating the combination of romidepsin and Len in patients with relapsed/refractory lymphoma and myeloma. The study is ongoing, but the Phase I results suggest that the combination is well tolerated up to standard single-agent doses of each drug.[@b109-cpaa-8-035]

ACY-1215
--------

ACY-1215 is an oral small molecule targeted against HDAC6. In view of responses seen in xenograft severe combined immunodeficiency mouse models,[@b60-cpaa-8-035] a Phase I trial is evaluating ACY-1215 alone (part 1, Phase Ia) and in combination with Btz (part 2, Phase Ib) in patients with RRMM after at least two lines of treatment. In Phase Ia, no maximal tolerated dose was identified and AEs reported were elevated creatinine, fatigue, hypercalcemia, and upper respiratory tract infection (not attributed to ACY-1215). In Phase Ib, grade 3 or 4 gastrointestinal AEs were rare and hematologic AEs were manageable. The ORR was 25%, and the CBR was 60% in this heavily pretreated patient population.[@b110-cpaa-8-035]

Another ongoing trial is exploring the combination of ACY-1215 with Len/dexamethasone. ACY-1215 is found to be well tolerated, and no dose-limiting toxicity has been observed so far. The most common AEs, mainly grades 1/2, were fatigue, upper respiratory tract infections, and neutropenia. At the interim analysis, the ORR was 81%, including one CR and three VGPR.[@b111-cpaa-8-035]

Belinostat
----------

Belinostat (PXD101) is a nonselective HDACi of hydroxamic acid class. A Phase II study enrolled 24 patients with RRMM who received belinostat as monotherapy and in combination with high dose of dexamethasone. This treatment was well tolerated, with minimal side effects, obtaining one MR and five SD.[@b112-cpaa-8-035]

Givinostat
----------

Givinostat (ITF2357) is an orally active HDACi. In a Phase II trial, givinostat (alone or combined with dexamethasone) proved tolerable but showed only a modest clinical benefit. Only five of the 19 patients with advanced MM achieved SD. All patients experienced grade 3/4 thrombocytopenia, three had grade 3/4 gastrointestinal toxicity, and three had transient electrocardiographic abnormalities.[@b113-cpaa-8-035]

Conclusion
==========

Epigenetic aberrations have now been recognized to contribute to the development and progression of various types of cancer, including MM. HDACi regulate the acetylation status of various histone and nonhistone proteins required for cellular processes, including gene expression, protein recycling, cell proliferation, and apoptosis, that are important for myeloma cell growth and survival. Preclinical evidence from studies of HDACi, alone or in combination with other antimyeloma agents, provides a strong scientific rationale for the evaluation of these regimens in the clinical setting. Results from early-stage clinical trials demonstrate that though HDACi show only modest activity as single agent, using them in combination with other anti-MM agents, especially Btz, show significant clinical responses. It must be noted that most of these trials were performed in patients relapsed on or refractory to Btz, and perhaps their utilization earlier in therapy, likely in combination with Btz, would be more effective. Hence, their precise role in the armamentarium of therapy for MM is yet to be defined. In addition, isoform-selective and/or class-selective HDAC inhibition needs further evaluation to reduce unfavorable side effects.
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###### 

Various classes of HDAC

  Classification              Homology to yeast                             Localization                     Remarks
  --------------------------- --------------------------------------------- -------------------------------- --------------------------------------
  1\. Class I                                                                                                
   IA -- HDAC 1, 2            Yeast Rpd3                                    Nucleus                          Transcriptional regulation
   IB -- HDAC 3               Yeast Rpd3                                    Nucleus                          Transcriptional regulation
   IC -- HDAC 8               Yeast Rpd3                                    Nucleus/cytoplasm                Transcriptional regulation
  2\. Class II                                                                                               
   IIA -- HDAC 4,5,7,9        Yeast Hda1 (histone deacetylase 1)            Nucleus/cytoplasm                Tissue-specific functions
   IIB -- HDAC 6,10           Yeast Hda1                                    Cytoplasm                        Formation of aggresome and autophagy
  3\. Class III (sirtuins)                                                                                   
   SIRT 1, 2, 3, 4, 5, 6, 7   Yeast Sir2 (silent information regulator 2)   Nucleus/mitochondria/cytoplasm   NAD+-dependent lysine deacetylases
  4\. Class IV                                                                                               
   HDAC 11                    --                                            Cytoplasm                        Role in interleukin-10 expression

**Abbreviations:** HDAC, histone deacetylase; NAD+, nicotine adenine dinucleotide positive.

###### 

Classification of HDAC inhibitors

  Classification              Examples                          Specificity to HDAC
  --------------------------- --------------------------------- ---------------------
  1\. Aliphatic fatty acids   Butyrate                          Classes I and IIa
  Valproic acid               Classes I and IIa                 
  2\. Hydroxamate             SAHA (vorinostat)                 Pan inhibitor
  PXD101 (belinostat)         Pan inhibitor                     
  LBH589 (panobinostat)       Classes I and II                  
  ITF2357 (givinostat)        Pan inhibitor                     
  4SC-201 (resminostat)       Pan inhibitor                     
  PCI 24781 (abexinostat)     Classes I and II                  
  Tubacin                     Class IIb                         
  3\. Benzamides              MS-275 (entinostat)               Class I
  MGCD0103 (mocetinostat)     Class I                           
  CI-994 (tacedinaline)       Class I                           
  MGCD-0103                   Classes I and IV                  
  4\. Cyclic peptides         Depsipeptide/FK228 (romidepsin)   Class I
  Apicidin                    Class I                           
  5\. Mercaptoketone          KD5170                            Classes I and II

**Abbreviations:** HDAC, histone deacetylase; SAHA, suberoylanilide hydroxamic acid.
